Abstract This paper presents an investigation of a DC glow discharge at low pressure in the normal mode and with Einstein's relation of electron diffusivity. Two-dimensional distributions in Cartesian geometry are presented in the stationary state, including electric potential, electron and ion densities, longitudinal and transverse electrics fields as well as electron temperature. Our results are compared with those obtained in existing literature. The model used in this work is based on the first three moments of Boltzmann's equation. They serve as the continuity equation, the momentum transfer and the energy equations. The set of equations for charged particles presented in monatomic argon gas are coupled in a self-consistent way with Poisson's equation. A parametric study varying the cathode voltage, gas pressure, and secondary electron emission coefficient predicts many of the well-known features of DC discharges.
Introduction
Glow discharges are used in various fields of application [1∼6] : in the semiconductor industry for plasma etching and deposition, for lighting and laser purposes, and for plasma display panels; in analytical chemistry as spectroscopic sources for the analysis of solid materials, etc. In order to improve the results in these applications, a good insight into the glow discharge processes is desirable. We try to obtain this by numerical modeling [7∼14] . A 1D model [15∼17] is necessary before the development of a 2D model. In this work, we present a 2D fluid model of the DC normal glow discharge created in a plasma reactor and with variable electron diffusivity from Einstein's relation D e = µ e K B T e /|e|. BOUCHIKHI et al. [18] have developed the same model in a subnormal mode and with constant electron diffusivity. The major differences between the papers are summarized in Table 1 . The glow discharge in the normal mode is characterized by three regions; it concerns the anodic and cathodic regions and the negative glow (where the plasma is formed). In the abnormal mode, there is an expansion of the negative glow, which involves the contraction of the anodic and cathodic sheaths. But the subnormal mode is characterized by only two regions: anodic and cathodic regions.
The step time of integration is taken from the work of HAMID et al. [19] . All the parameters used in this discharge are taken from LIN et al [20∼22] . The test of validity of our model is carried out based on a comparison between our results and those given by LIN et al. The major differences between our 1D model [15∼17] and that of LIN et al. are summarized in the work of BOUCHIKHI et al [18] . The aim of this paper is to study the kinetics of electrons and ions in argon in a DC normal glow discharge maintained by secondary electron emission at the cathode. As explained in section 2, the model is based on the continuity equations for electron and ion densities and their respective flux densities, Poisson's equation for the electric field, Einstein's relation and the electron energy equation. The source terms (reaction) in the continuity equations include electron energy dependence. In section 3, the numerical method is illustrated. In section 4 we present in the stationary state a 2D spatial distribution for DC normal glow discharge. In section 5 a validity test of our results is reported. In section 6 parametric studies of the effect of gas pressure, the secondary electron emission coefficient and cathode voltage are discussed. Finally, section 7 contains our conclusions.
Description of the model
The schematic of the normal glow discharge cell that is going to be modeled is the same as is illustrated in the work of BOUCHIKHI et al [18] . The problem involves modeling for the stationary state, the distributions of the electric field, the charged particles and the electron temperature in a self-consistent way in the case of a normal glow discharge. Considering the approach of balance through the local field and local average energy, electrons and ions are described by the continuity equation, momentum transfer and energy equations which are coupled with Poisson's equation.
The set of equations is:
Continuity:
where n e , n i , Φ e , and Φ i are the electron and ion densities, the electron and ion fluxes, respectively. S represents the net source term. Momentum transfer equations in Refs. [23 ∼ 25] for the electrons and positive ions are:
where
are the electron mobility, ion mobility, electron diffusivity, ion diffusivity, ionization rate prefactor, ionization rate activation energy, electron temperature, gas density and the Boltzmann constant, respectively. E represents the electric field.
The relation between the electric field and the space charge in the inter-electrode space is given by Poisson's equation:
where, ε 0 = 8.85 × 10 −14 CV −1 cm −1 and e= 1.6 ×10 −19 C are the permittivity of free space and particle charge, respectively.
The electric field E is related to the potential by the following relation:
Einstein's relation is:
The equations for the electron energies are [18] :
with ε e , Φ ε and H i denoting the electron energy, electron energy flux and the energy loss per ionizing collision, respectively. Table 1 . Summary of the major differences between the papers The present paper
The earlier paper [18] Treated the glow discharge in the normal mode Treated the glow discharge in the subnormal mode (cathode and anodic regions and plasma region) (only the cathode and anodic region) 
And:
• φ eL is the longitudinal electron flux along the X axis;
• φ eT is the transverse electron flux along the Y axis;
• E L is the longitudinal electric field along the X axis;
• E T is the transverse electric field along the Y axis. The basic data and the transport parameters used in our model are taken from the work of LIN et al [22] .
Numerical methods
The numerical scheme adopted in our model is similar to that described by SCHARFETTER and GUM-MEL in the context of electron transport in semiconductors [26] . The transport and electron energy equations are discretized by a finite differences method using an exponential scheme and Poisson's equation with the centered finite differences method. The discretizations of Eqs. (1) or (2) in the Cartesian geometry are given as:
And
with:
where: δ=−1 for the electrons, δ=1 for the positiveions.
The discretization of the energy equation (9) is given as follows:
Poisson's equation becomes:
Initial and boundary conditions
The initial distributions of the electron and ion densities are set as a Gaussian form [18, 27] given by the following relation: n e = n i = 10 7 + 10
The initial distribution of the electron temperature is taken as constant at 1 eV. The boundary conditions are set as follows:
• The electron density is equal to zero at the anode.
• The electron and ion densities are taken as zero at the dielectric walls [28] .
• The electric potential is in accordance with the Neumann condition ( ∂V ∂y =0 ) at the dielectric walls [18] . The effect of the secondary electron emission coefficient γ enters through the pertaining boundary condition
With L being the inter-electrode spacing.
The set of Eqs. (13)∼ (15) can be solved by the Thomas algorithm combined with the iterative relaxation method. The fluid equations are solved using an implicit integration scheme with a typical integration time step of the order of 10 −9 s. The calculations are carried out on a Pentium 4 (3 GHz) personal computer. It typically takes 24 hours and 30 minutes of run time to reach the converged solution for one set of discharge conditions.
Results and discussion
This section presents the calculation of the DC normal glow discharge self maintained by secondary emission processes in a low pressure argon gas between two parallel plane metallic electrodes assumed to be perfectly absorbing and not emitting any particles. Twodimensional distributions of the potential, the electric field, the electron and ion densities as well as the electron temperature are presented to describe the behavior of the discharge in the stationary state in the framework of the classical drift-diffusion approximation.
The applied potential is zero volt at the anode and −77.4 V at the cathode, and the neutral species density is 2.83 ×10 16 cm −3 . The secondary electron emission coefficient is 0.046 [18] . Fig. 1(a) and (b) represent the contour plots of electron and ion densities in the stationary state of the discharge. They show clearly three distinct regions: the cathodic and anodic regions and the negative glow of the normal glow discharge. The cathodic region is characterized by the electron density, which is neglected compared with the ion density. There exists an important net space charge density due to the accelerated electron specie that is propagated much quicker than the ion specie and moves away rapidly from the cathodic region. The negative glow is characterized by the same electron and ion densities. The anodic region is characterized by the ion density, which is less important compared with the electron density. Fig. 1(c) and (d) represent the contour plots for the potential and the longitudinal electric field, respectively. We observe an important potential fall in the cathodic region because of the large net space charge density that is present. Consequently, the longitudinal electric field is intense. The electric potential is constant in the negative glow region due to the negligible net space charged density. Therefore, the longitudinal electric field is constantly null. In the anodic region, the electric potential varies slightly because of the presence of a less important net space charged density. As a result, the longitudinal electric field is varied.
The transverse electric field ( Fig. 1(e) ) is the perpendicular field of the natural displacement of the charged species. It is shown that the transverse electric field is not negligible. The transverse electric field as envisaged is symmetric with respect to the direction of the charged particles. It changes the sign on both sides in this direction. This signifies that the transverse electric field tends towards the center discharge of the charged particles whose axis has a tendency to deviate from displacement with the electron's and ion's diffusion. The electron and ion species are brought back continuously towards the interior of the discharge as long as this remains established. Fig. 1(f) illustrates the contour plots of the electron temperature in the stationary state of the discharge. This shows that the electron species are characterized by being more energetic in the cathodic region. This energy accelerates their displacement towards the negative glow region. Before reaching the negative glow region the electron species lose their energies by carrying out a strongly endothermic ionization collision with the neutral species of argon gas. This translates into a cooling of electrons. In the negative glow, the electrons continue their displacement towards the anode in yielding a relatively small quantity of energy by carrying out elastic collisions and ionization. The variation in the distribution of the electron energy in this region is exactly linear. Near the anode, the variation is brutal because of the electron displacement in the opposite direction of the electric field.
Tests of validity in argon
With the aim of validating the numeric methods of the resolution of the macroscopic equations, we have investigated the evolution of the normal glow discharge in the same conditions as those of LIN et al [20∼22] . The major differences between our 1D model
[15∼17] and the one of LIN et al. are summarized in the work of BOUCHIKHI et al [18] . This discharge intervenes between plane-parallel electrodes.
Figs. 2, 3 and 4 represent the spatial distribution of the electron and ion densities, the electric potential, the longitudinal electric field and the electron temperature, respectively, in the stationary state of the discharge. The 1D results selected from the center of the electrodes in the two-dimensional configuration are compared with those given by LIN et al. We observe that the issues of electric potential, the longitudinal electric field, the electron and ion densities and the electron temperature from our model are in good agreement with those obtained by LIN et al.
6 Parametric study
The effects of gas pressure
This section presents the effect of the gas pressure in argon on the glow discharge behavior maintained by secondary electron emission at the cathode in the stationary state. The inter-electrode spacing is equal to 3.525 cm. The electrode radius is 5.08 cm. The applied voltage at the cathode is fixed at −77.4 V. The secondary electron emission coefficient is equal to 0.046. The neutral species density is equal to 2.83×10 16 cm −3 . The gas pressure is computed from the neutral gas density and temperature using an ideal gas flow. The range of the applied pressures is: 0.65 Torr, 0.947 Torr and 1.3 Torr.
I notice that the profile of charged particle densities is characteristic of glow discharge where there exists three well defined regions: the cathode sheath, the negative glow and the anode sheath. In the cathode sheath, the ion density is important compared to the electron density. Considering their inertias, the electrons depopulate this zone more quickly than ions in the presence of a potential gradient. The surface occupied by negative glow increases slightly with the gas pressure. This increase involves a contraction of the cathode sheath. The values of the electron and ion densities are identical in the negative glow. The anodic region contracts slightly with the increase in gas pressure. This contraction is due primarily to the expansion of the negative glow. In this region, the ion density is relatively more important than the electron density.
To define glow discharge behavior as a function of gas pressure, its properties on the symmetric axis of the electrodes are studied. Fig. 5 shows the effect of gas pressure on the spatial distribution of the electron and ion densities in the stationary state. In the negative glow, the profile of the electron and ion densities widens as a function of pressure. It is known that the augmentation of pressure decreases the mean free path, which induces a large probability of causing ionization collision. This collisional process involves an augmentation of the charged species. This widening of the negative glow will cause the contraction of both the anodic and cathodic sheaths. The longitudinal and transverse electric fields have a normal behavior characterizing the glow discharge. In the cathode region, the longitudinal electric field increases with pressure, because the difference between the electron and ion densities increases as a function of pressure in this region. In the negative glow and anodic region, the longitudinal electric field is independent of the pressure values because of the negligible net space charge density. The transverse electric field increases with pressure at the levels of dielectric walls. To confirm these observations, Fig. 6 shows the spatial distributions in the stationary state as a function of pressure of the longitudinal electric field on the symmetric axis of the electrodes. This figure gives all foreseeable physical characteristics of the normal glow discharge as a function of pressure. The electron temperature decreases with the increase in pressure. The increase in pressure is accompanied by a reduction of the mean free path, which consequently increases the probability of endothermic ionization collisions occurring. For this reason, the electrons will not have enough space to acquire sufficient energy between two successive collisions under the effect of the electric field. Fig. 7 illustrates the effect of pressure on the spatial distributions of the electron temperature in the stationary state on the symmetric axis of the electrodes. For the electron and ion densities as a function of the secondary electron emission coefficient, you can see three distinct regions as the anodic and cathodic regions, and the negative glow region. The electron and ion densities are more important than the secondary electron emission coefficient, which is obvious because the augmentation of γ implies an increase in the electron flux emitted from the cathode which makes ionization more effective. In the sheath cathodic region, the thickness of the sheath decreases with the augmentation of the secondary electron emission coefficient value. This region is characterized by an ion density higher than the electron density and a net space charge density that rises considerably with an increase in the secondary electron emission coefficient. The surface occupied by the negative glow region increases with an increase in γ. The electron and ion densities are identical in this region, which means the net space charge density is almost null in the negative glow region. The widening of the negative glow causes a contraction of the anodic sheath, and in this region ions are in the majority compared with electrons. Fig. 8 represents the effect of the secondary electron emission coefficient on the spatial distributions of the electron and ion densities on the symmetric axis of the electrodes in the stationary state. The maximum densities are 1 In the cathodic region, the longitudinal electric field increases with the augmentation of the secondary electron emission coefficient because of the increase in the net space charge density. In the negative glow and anodic region, the longitudinal electric field is independent of the secondary electron emission coefficient value due to the negligible net space charge density. The increase in the secondary electron emission coefficient has a significant influence on the behavior of the transverse electric field. This component of field represents an issue of axis symmetry at the mediums of the electrodes whatever the secondary electron emission coefficient value is. The field around this symmetric axis is almost zero in value. We note that the transverse electric field increases at the level of the dielectric walls with the augmentation of γ. This behavior induces increasing containment observable of the discharge around the symmetric axis when the secondary electron emission coefficient rises. We see that the values of the longitudinal electrics field on the symmetric axis of the electrodes at the cathode are 136 V/cm, 119 V/cm and 102 V/cm, corresponding to the secondary electron emission coefficient of 0.05, 0.046 and 0.042, respectively. Fig. 9 represents the spatial distribution of the transverse electric field as a function of the secondary electron emission coefficient in the stationary state corresponding to the 0.7931 reduced inter-electrode spacing. The electron temperature increases in a significant way with the augmentation of the secondary electron emission coefficient in the cathode sheath. This explains that the heating process of electrons is more important than the cooling process of electrons in the energetic source term.
In the negative glow and the anode sheath, the electron temperature decreases with an increase in the secondary electron emission coefficient because the cooling process of electrons is more important than the heating process. Fig. 10 represents the influence of the secondary electron emission coefficient on the spatial distribution of electron temperature on the symmetric axis of the electrodes in the stationary state. The maximum electron temperatures are 3.64 eV, 3.52 eV and 3.39 eV, corresponding to the γ values 0.05, 0.046 and 0.042 , respectively. 
The effects of cathode voltage
The effect of the applied voltage is studied on both the electric and energetic properties of the glow discharge maintained by secondary emission at the cathode.
The neutral species density is fixed at 2.83×10
16 cm −3 , the secondary emission coefficient γ is equal to 0.046, and the inter-electrode spacing is equal For the distributions of the electron and ion densities in the stationary state, the glow discharge behavior is completely normal because of the presence of three distinct regions: the cathode sheath, the negative glow and the anode sheath. In the cathode sheath, the thickness of the sheath decreases with the augmentation of the applied voltage. We know that electrons are 100 times faster than ions in presence of an electric field. The depopulation of the cathode sheath by electrons becomes significant with the increase in voltage. In this region, argon ions are in the majority. The surface occupied by the negative glow widens with the augmentation of the applied voltage. This is foreseeable because the increase in voltage involves the automatic increase in the two component longitudinal and transverse electric fields. The electron and ion densities also rise as a function of the applied voltage almost identically in this region (the negative glow region). In the sheath anode, the ions are in a relative majority over the electrons.
To get a more complete understanding of what is happening, the spatial distribution on the symmetric axis of the electrodes is investigated. The difference between the electron and ion densities becomes increasingly large with an increase in the voltage in the anode sheath.
The ion density rises from 3. The electric behavior as a function of the applied voltage on both the longitudinal and transverse electric fields is also investigated in the stationary state. The longitudinal electric field increases with the augmentation of the applied voltage in the cathode sheath because of an increase in the net space charge density. In the negative glow and anode sheath the longitudinal electric field is almost independent of the applied voltage due to the net space charge density that remains negligible. The containment of the transverse electric field around the symmetric axis of the electrodes as a function of the applied voltage is completely foreseeable due to the augmentation of the field with the applied voltage at the level of the dielectric walls. The field value remains at null around the symmetric axis of the electrodes.
The The contour plots of the electron temperature as a function of the applied voltage in the stationary state are examined. The influence of the applied voltage on the energetic behavior of the electron temperature appears clearly in the cathode sheath of the glow discharge. There is a change in the electron temperature with the applied voltage. This increase is due to the augmentation of the longitudinal electric field dominant in this region. There is a slight reduction in the electron temperature as a function of the applied voltage in the negative glow region and sheath anode. The effect of the applied voltage on the spatial distribution of the electron temperature at the symmetric axis of the electrodes in the stationary state is also investigated. The maximum electron temperatures are 3.69 eV, 3.52 eV and 3.34 eV, corresponding to the applied voltage values of −80 V, −77.4 V and −75 V, respectively.
Concluding remarks
A two-dimensional numeric code for DC normal glow discharge maintained by a secondary electron emission coefficient at the cathode and with Einstein's relation of electron diffusivity has been developed. The model used is based on the first three moments of the Boltzmann transport equation. By using this model both the local-field approximation and the local-average energy have to be considered simultaneously, which lead to a more complicated simulation. The simulation results obtained have been validated by means of a comparative study with those of LIN et al [20∼22] . A parametric study of the glow discharge properties has also been performed. We have noticed that:
a. With an augmentation in the secondary electron emission coefficient or cathode voltage
• The electron and ion densities increase and the negative glow widens involving a contraction of both the anode and cathode sheaths.
• The longitudinal electric field and electron temperature increase in the cathode sheath.
• The transverse electric field increases at the dielectric walls.
b. With an augmentation in the gas pressure:
• The thickness of both anode and cathode sheaths decreases due to the augmentation of the surface occupied by the negative glow.
• The longitudinal and transverse electric fields both increase.
• The electron temperature decreases.
